The objective of this study was to define the degree of hypothermia required to diminish ischemic in jury to CAl hippocampal neurons following 5-min bilat eral ischemia in the gerbiL The temperature of the body and head was regulated in three groups of animals at 37.5, 35.5, or 32SC during 5-min bilateral carotid artery oc clusion. Upon recirculation, normothermia was restored in all animals, and recovery was permitted for 1 week. Ischemic injury to CAl hippocampus was determined us ing three endpoints: histologic injury, ATP content, and adenylate kinase activity. Reduction of head temperature to 35.5 and 32SC during ischemia diminished histologic injury and improved CAl levels of ATP and adenylate kinase activity in a dose-dependent manner. Indeed,
Transient bilateral cerebral ischemia in the gerbil is a model frequently used to evaluate pharmaco logic protection against ischemic injury. For exam ple, antagonists of N-methyl-o-aspartate receptors (Gill et aI., 1987) or of voltage-sensitive calcium channels (Alps et aI., 1988) have been reported to reduce the extent of ischemic injury to CAl pyra midal cells in gerbil hippocampus, However, in small rodents such as gerbils, body and brain tem perature may change rapidly in response to anes thesia or administration of pharmacologic agents. Thus, unless brain temperature is carefully con trolled, cellular protection could easily result from drug-induced hypothermia rather than specific pharmacologic antagonism. Indeed, there have been reports that the N-methyl-o-aspartate antago nist MK-801 failed to protect CAl neurons in gerbil 32SC completely abolished ischemic injury to CAl hip pocampus, judging from each of the three endpoints. Re duction of head temperature to 32SC delayed but did not prevent the depletion of ATP throughout the hippocam pus during the 5-min ischemic insult. These results dem onstrate that a decrease in head temperature of only 2°C reduces the degree of CAl injury in the gerbil model of 5-min bilateral ischemia. Thus, it is imperative to main tain strict normothermia in pharmacologic studies of isch emic protection. Finally, administration of nicardipine to normothermic gerbils failed to diminish ischemic injury in the CAl hippocampus. Key Words: Adenosine triphos phate-Hippocampus-Hypothermia-Ischemia Nicardipine.
hippocampus when hypothermia was avoided (Buchan and Pulsinelli, 1989; Nowak, 1989) .
Recently, it has been recognized that minor de grees of hypothermia have a profound effect on the severity of ischemic injury. Thus, even a laC de crease of body temperature reduced the alteration of energy metabolites in hypoxic-ischemic rat brain (Berntman et aI., 1981) . Further, a reduction of brain temperature of 2°C during 20-min forebrain ischemia in the rat significantly diminished the ex tent of neuronal injury (Busto et aI., 1987) . Despite the important influence of brain temperature on ischemic damage, a systematic study of mild hypo thermia in the gerbil model of bilateral ischemia has not been previously reported. Therefore, the pri mary objective of the present investigation was to determine the effects of graded hypothermia (2 or 5°C ) on the degree of CAl injury in gerbil hippo campus. A second goal was to reevaluate the pro tective effects of the calcium channel antagonist nicardipine, taking care to prevent cerebral hypo thermia.
In studies of cerebral protection, histologic end points have often been used to determine the degree of ischemic injury. In the present study, biochemi cal endpoints of injury were also measured to con firm the histologic alteration and to quantitate the degree of injury. Thus, the level of A TP and the activity of adenylate kinase were assayed in CAl hippocampus using quantitative microtechniques. Adenylate kinase was selected as a typical cytoplas mic enzyme that may be degraded in necrotic neu rons. The results demonstrate that the loss of ade nylate kinase activity correlated well with the de crease of ATP content and the degree of histologic injury.
Finally, since hypothermia (32SC) was found to completely prevent CAl hippocampal injury, the ef fect of 32SC on the time course of A TP depletion during ischemia was determined in various regions of hippocampus.
MATERIALS AND METHODS

Preparation of animals
Male Mongolian gerbils (Tumblebrook Farms), 50--60 g body weight, were given free access to food and water prior to surgery. The animals were anesthetized with pen tobarbital (40 mg/kg i.p.) and a rectal thermistor was in serted to measure core temperature. In addition, a therm istor was placed under the scalp to monitor the tempera ture of the head. Hypothermia was induced 30 min prior to cerebral ischemia by lowering rectal and head temper ature to 32.5 or 35.5°C in two groups of six animals. Nor mothermic animals (n = 6) were maintained at 37SC. Core and head temperature were regulated with a heating pad located under the supine animal in combination with an overhead lamp.
Through an incision in the neck, the common carotid arteries were located and encircled loosely with 6-0 monofilament nylon. In fully anesthetized animals, the carotid arteries were occluded by pulling them halfway into a 2-mm length of polyethylene tubing (0.3-mm inner diameter). During ischemia, the temperature of the head was maintained within OSC of the desired value by reg ulating the heating pad. In separate experiments, brain temperature, measured with an intracranial probe, dif fered from scalp temperature by <O.5°C. After 5 min of ischemia, the carotid occluders were removed, and rectal temperature was regulated at 37.5°C for at least 1 h in all animals, including those previously hypothermic. The animals were permitted to recover for 1 week, at which time they were anesthetized with pen tobarbital and the brains frozen in situ with liquid nitro gen.
A separate group of animals (n = 6) was administered nicardipine (Syntex Laboratories, Palo Alto, CA, U.S.A.) 15 min prior to ischemia. Nicardipine was ad ministered in a single dose (1 mg/kg i.p.), while a control group of animals (n = 6) received an equivalent volume of saline. The two groups were SUbjected to 5-min bilat eral carotid occlusion, with care taken to maintain the temperature of the head at 37SC. After recovery for I week, the animals were anesthetized and the brains fro zen in situ with liquid nitrogen.
J Cereb Blood Flow Metab, Vol. 10, No.4, 1990 Finally, head temperature was regulated at 37.5 or 32SC in groups of six animals during bilateral carotid artery occlusion. After ischemia for 2 or 5 min, the brains were frozen in situ with liquid nitrogen for measurement of ATP in various regions of the hippocampus.
Preparation of brain sections and tissue samples
In a glove box maintained at -2YC, the brain was dissected free of the cranium and mounted on a micro tome chuck for tissue sectioning. Coronal sections were cut at a thickness of 15 J.Lm at -22°C, beginning with the anterior tip of the hippocampus and extending posteriorly for 2 mm. Alternate sections were dried on glass slides for histologic staining or freeze-dried for biochemical analy sis.
Histologic sections were fixed in acetic acid-formalin and stained with thionin and acid fuchsin. Adjacent sec tions were freeze-dried at -35°C for 24 h under a vacuum of 10 J.Lm Hg. The dried sections were warmed to room temperature under vacuum and placed in a room main tained at 20°C and 50% relative humidity. Under a dis secting microscope, samples were dissected from the CAl subfield of anterior hippocampus, as well as from subic ulum, CA3 subfield, and dentate gyrus (see Fig. 1 for location of samples). The samples, 300-400 ng dry weight, were weighed on a quartz-fiber microbalance with a precision of ± 10 ng. Samples were assayed for content of ATP or activity of adenylate kinase.
Biochemical analyses
ATP was assayed in a luminometer (LKB/Wallac 1250) using the luciferin-luciferase method (Lust et aI., 1981) .
Briefly, samples were added to 10 J.LI 0.05 M NaOH, heated for 10 min at 70°C, and added to 100 J.Ll luciferin reagent. The luciferin reagent was composed of 50 mM NaAs04, pH 7.5, 1 mM dithiothreitol, 2 mM ethylene glycol bis(aminoethylether)tetraacetate, 4 mMMg acetate, 0.5 mg/ml bovine serum albumin, 50 J.LM luciferin, and 5 J.Lg/ml luciferase. After mixing, the luminescence inten sity was measured and A TP content calculated from ATP standards run in parallel.
Adenylate kinase activity was measured using a lumi nometric method. The samples were first dissolved in 10 J.Ll phosphate buffer, pH 7.5. After addition of 100 J.Ll lu ciferin reagent containing 0.5 mM ADP, the rate of for mation of ATP was measured in the luminometer. The Dent FIG. 1. Location of hippocampal regions sampled for bio chemical assay. Within each designated region two to four samples were dissected from freeze-dried sections for mea surement of ATP content or adenylate kinase activity. Re gions sampled were subiculum (Sub), CA1 and CA3 subfields, and dentate gyrus (Dent). reaction rate, which was linear for 5 min, was propor tional to sample size for tissues weighing >200 ng. The luciferase preparation used (Type IV; Sigma Chemical Co.) had a low level of contamination with adenylate ki nase.
Histologic evaluation
Stained sections were evaluated for the degree of injury in the CAl subfield of the hippocampus. Injured neurons stain bright red with acid fuchsin (Auer et al., 1984) . In addition, neuronal loss is marked by a reduction in the intensity of thionin staining. For each animal, five sec tions of anterior hippocampus were examined, and the extent of CAl injury was graded separately in the two hemispheres using a four-point scale: Grade 0 brains ex hibited no detectable injury; grade 1 brains showed <30% of CAl pyramidal cells injured; grade 2 brains had 30--70% injured CAl neurons; grade 3 brains had >70% injured pyramidal cells.
Statistics
The differences between groups in the histologic grade of ischemic injury were tested for statistical significance using Wilcoxon's rank sum test for unpaired data. The correlation between ATP levels and adenylate kinase ac tivity was determined using linear regression. Differences between groups in mean values for ATP and adenylate kinase were tested for statistical significance using anal ysis of variance, followed by Dunnett's t test for multiple comparisons (1964) .
RESULTS
Effect of hypothermia on ischemic injury
In normothermic animals (37. S0C ), ischemia caused maximal histologic injury in the CAl sub field in 10 of 12 hippocampi (Fig. 2, top) . Two of the six normothermic animals exhibited unilateral spar ing of the CAl pyramidal cells. By comparison, mild hypothermia (3SSC) caused maximal injury in only 3 of 12 hippocampi. Indeed, histologic injury in the 3SSC animals was evenly distributed among the various grades. The severity of histologic injury in the 3SSC animals was significantly less than that in normothermic animals (p < O. OS, Wilcoxon's rank sum test). Finally, hypothermia of 32SC during ischemia completely prevented histologic injury to the CAl neurons.
Measurement of ATP in the CAl subfield of tissue sections adjacent to those used for histologic eval uation confirmed the beneficial effects of hypother mia on ischemic injury (Fig. 2, middle) . Thus, in normothermic animals, the level of ATP decreased to 70-80% of control values in the 10 hippocampi that exhibited histologic injury. In the remaining two uninjured hippocampi from the normothermic group, ATP levels were 98-100% of control. Like wise, ATP levels ranged from 96 to 103% of control in the CAl hippocampus of the 32SC group. In 3SSC animals, levels of ATP were intermediate, ranging from 74% of control in a hippocampus with 
Effect of hypothermia on ischemic injury in CA1 hip pocampus. Head temperature was regulated at 37.5, 35.5, or 32.5°C during 5-min bilateral ischemia in three groups of six gerbils. Animals were permitted to recover for 1 week. The histologic grade of injury (3 = maximal injury) was then as sessed in the CA1 subfield from the left (l) and right (R)
hippocampus of each animal. The overall degree of histo logic injury was significantly less at 35.5 and 32.5°C than at 37.5°C (p < 0.05, Wilcoxon's rank sum test). In adjacent sec tions from the same brains, ATP levels were measured in the CA1 subfield. Each point represents duplicate measurements from a single hippocampus. ATP levels are expressed as per centage of control value (13.0 mmol/kg dry wt). Additional samples from CA1 hippocampus were assayed for the activity of adenylate kinase, which is also given as percentage of control value (0.38 mol/h/kg dry wt).
grade 3 histologic injury to 102% of control in un injured hippocampus. Adenylate kinase activity, measured in adjacent sections, was also markedly decreased in the in jured CAl hippocampus of normothermic animals (Fig. 2, bottom) . Thus, the enzyme activity was only SI-6S% of control in the injured animals, but remained at 101-110% in the two uninjured hippo campi of the normothermic group. Again, in 32SC animals, adenylate kinase activity remained near control levels, with the exception of two cases in which the activity fell to 80 and 84% of control. In the 3SSC group, the activity of adenylate kinase was intermediate, ranging from 60% of control in injured hippocampi to 96% of control in animals without histologic injury.
The decrease of adenylate kinase activity in in jured CAl hippocampus prompted us to examine the correlation between enzyme activity and ATP content measured in adjacent sections of individual hippocampi (Fig. 3) . Adenylate kinase activity cor related well with ATP content (r = 0.94, p < 0.001), suggesting that the activity of the enzyme would be a useful endpoint by which to quantitate the degree of ischemic injury.
The mean values for ATP content and adenylate kinase activity in the three temperature groups are given in Table 1 . Hypothermia of 35.5 and 32SC progressively diminished the decrease in ATP and adenylate kinase measured in the CAl hippocampus of normothermic animals. However, because of variation among individual animals, values in the 35 SC group were not significantly different from those in the 37SC group.
Effect of hypothermia on A TP depletion during ischemia
Hypothermia of 32SC markedly altered the de pletion of ATP during the 5-min ischemic insult ( Fig. 4 , Table 2 ). Thus, at 2 min of ischemia, ATP levels were reduced to <10% of control in the CAl zone of normothermic animals, but remained > 50% of control in animals cooled to 32SC during isch emia. However, by 5 min of ischemia, ATP levels were depleted in both groups to <3% of control. The significant sparing of ATP at 2 min of hypother mia varied widely in different animals (Fig. 4) . Thus, in 6 of 12 hippocampi, ATP was maintained above 70% of control levels, but was nearly de pleted in 4 others. By contrast, in normothermic animals at this time, ATP was reduced below 3% of control in 11 of 12 hippocampi. Thus, hypothermia appeared to delay a precipitous decline of ATP dur ing the ischemic insult.
The ischemic decrease in ATP, and the relative sparing by hypothermia, occurred uniformly in the various subfields of the hippocampus (Table 2) . Values are means ± SD, expressed as % of control. Control ATP, 13.0 ± 0. 2 mmol l kg (dry wt); control kinase, 0.38 ± 0.02 mol/h/kg (dry wt).
a Significantly different from 37SC, p < 0. 05.
There were no significant regional differences in ATP levels between CAl' subiculum, CA3, and den tate gyrus at 2 or 5 min in either temperature group. Thus, even though histologic injury was concen trated in the CAl zone and subiculum, the time course of A TP depletion was similar in all regions of hippocampus sampled.
Effect of nicardipine on ischemic injury
Administration of 1 mg/kg nicardipine 15 min prior to ischemia had no effect on the degree of CAl injury in normothermic animals, whether judged by the grade of histologic injury (Fig. 5, top) 37.5 32.5
13.1 ± 0.7 12.3 ± 0.5 12.4 ± 0.3 11.6 ± 0.3 13.2 ± 0.5 12.0 ± 1.0 12.7 ± 0.7 11.2 ±0 .5
1.0 ± 1.5 6.9 ± 4.7 1.2 ±1 .5 7.3 ± 4.7
1.1 ± 1.7 6.4 ± 1.7 1.0 ± 1. Values are means ± SD, expressed as mmol/kg (dry wt).
CAl content of ATP (Fig. 5, bottom) . Thus, in the vehicle-treated control group, 10 of 12 hippocampi suffered histologic injury of grade 2 or 3. In the nicardipine-treated group, 11 of 12 hippocampi ex hibited grade 3 injury. Measurement of ATP levels confirmed the lack of effect of nicardipine on isch emic injury. Thus, in both groups of animals, ATP 
II.
FIG. 5. Effect of nicardipine on ischemic injury in CA1 hip pocampus. Head temperature was regulated at 37SC during 5-min bilateral ischemia in gerbils pretreated with nicar dipine (n = 6) or vehicle (n = 6). Animals were permitted to recover for 1 week. The histologic grade of injury (3 = max imal injury) and ATP concentration were then determined in the CA1 subfield of the left (L) and right (R) hippocampus of each animal. ATP levels are expressed as percentage of con trol values. levels ranged from 73 to 84% of control, with the exception of the two undamaged hippocampi of the vehicle-treated group. In conclusion, there were no significant differences in the histologic grade of in jury or the CA I content of ATP between animals treated with nicardipine and those treated with ve hicle.
DISCUSSION
The major finding of the present study was that a decrease of 2°C in head temperature during 5-min cerebral ischemia significantly reduced the extent of ischemic injury in the CAl hippocampus of the gerbil. Further, a decrease of 5°C completely pre vented injury to CAl hippocampal neurons. The present results confirm previous studies in the rat demonstrating the protective effects of small de grees of hypothermia (Berntman et aI. , 1981; Busto et aI. , 1987) . Although hypothermia has long been recognized as a protective factor in cerebral hypox ia-ischemia (Marshall et aI. , 1956; Rosomoff, 1957; Boyd and Connelly, 1961) , the beneficial effects of small decreases in brain temperature have only re cently attracted attention. One of the reasons for the current concern with brain temperature is the confounding effect that mild hypothermia may have on therapeutic tests of antiischemic agents. Partic ularly in rodent models of ischemia, brain temper ature may fall rapidly by >2°C in response to anes thesia, drug treatment, or bilateral carotid occlusion itself (Busto et aI. , 1987) . thUS, me present resUlts underscore the need for rigorous maintenance of cerebral normothermia in therapeutic trials of phar macologic agents.
Administration of nicardipine to normothermic animals in the present study failed to diminish isch emic injury in CAl hippocampus, contrary to a pre vious report (Alps et aI. , 1988) . There are several possibilities for the difference in results. First, in the present study, the occurrence of cerebral hypo thermia was strictly avoided. Second, ischemia in jury was assessed after survival for 7 days in the present experiments, rather than after only 3 days. Thus, if nicardipine were to delay, but not prevent, CAl injury, then protection might be evident at 3, but not 7, days following ischemia. Finally, al though the preischemic dose of nicardipine given (1 mg/kg) was twice that used in the previous report, daily postischemic injections were not employed in the present study. Thus, it is possible that postisch emic administration of nicardipine is required to protect CAl neurons.
The mechanism by which hypothermia dimin ishes ischemic injury remains unknown. The present results demonstrate that hypothermia (32SC) significantly delayed the ischemic decrease in ATP levels throughout the hippocampus. These results are consistent with early studies showing that hypothermia slows the decline of high-energy phosphates during ischemia (Thorn et aI. , 1958) . However, as in a previous report (Busto et aI. , 1987) , hypothermia did not prevent depletion of ATP, measured at the end of the ischemic insult. Thus, protection cannot be attributed to an effect on end-insult levels of ATP. Rather, hypothermia appeared to shorten the duration of energy deple tion. If the degree of ischemic injury is related to the duration of ATP depletion, then the hypothermic protection observed in the present study may sim ply be due to the shortened period of energy failure.
Alternatively, hypothermia is expected to slow down a wide spectrum of ischemic alterations, in cluding those triggered by falling levels of ATP. Ischemic energy failure has been associated with neuronal depolarization and ion translocation (Hansen and Nordstrom, 1979; Harris et aI. , 1981 ) , along with a massive release of neurotransmitters (Benveniste et aI. , 1984; Globus et aI. , 1988) . These alterations would also be expected to be diminished by hypothermia. Thus, a reduction of brain temper ature has been shown to retard the ischemic in crease of extracellular potassium (Astrup et aI. , 1981 ) . Moreover, the accumulation of glutamate in the extracellular space of ischemic striatum was prevented by only a 3°C decrease in brain temper ature (Busto et aI. , 1989) . Since glutamate release has been implicated in ischemic injury to vulnerable neurons (Rothman and Olney, 1986) , it is possible that hypothermia protects CAl hippocampal neu rons by blocking the release of glutamate during ischemia. Whatever the mechanism, the protective action of hypothermia in the present study was re stricted to events that occurred during ischemia, since normothermia was restored immediately upon recirculation.
The biochemical endpoints measured in the present study correlated well with histologic injury. Thus, after recovery for 1 week, ATP levels and adenylate kinase activities were reduced in injured regions of CAl hippocampus. Remarkably, in re gions showing maximal histologic injury, ATP lev els remained at 70-75% of control. These values are somewhat higher than those (50-55%) reported pre viously for the CAl somal layer (Arai et aI. , 1986) . Presumably, the remaining ATP is present in sur viving glia, interneurons, and neuronal processes belonging to cells outside the injured zone. The de crease of ATP in damaged CAl hippocampus was accompanied by a 50% loss of adenylate kinase ac-J Cereb Blood Flow Metab. Vol. 10, No.4, 1990 tivity. A similar decrement of phosphorylase activ ity has been reported previously (Arai et aI. , 1986) . Undoubtedly, necrosis of CAl pyramidal neurons results in the degradation of many enzymes. Thus, ATP content and adenylate kinase activity are use ful endpoints by which to quantitate the degree of ischemic injury in CAl hippocampus. Finally, regional measurements of ATP in hip pocampus during ischemia indicated that depletion of ATP occurred uniformly in CAl' CA3, subicu lum, and dentate gyrus (Table 2) . Thus, neuronal injury to the CAl zone and subiculum cannot be attributed to selective energy failure during isch emia. Further, hypothermia delayed the decrease in A TP to the same extent in all regions of hippocam pus sampled. Thus, hypothermic prevention of ischemic injury was not associated with regionally selective sparing of ATP during the ischemic insult.
In summary, the present results demonstrate that a decrease in head temperature of 2°C during 5-min cerebral ischemia significantly diminished ischemic injury in CAl hippocampus. Moreover, a decrease in head temperature of 5°C delayed the depletion of hippocampal ATP during ischemia and completely prevented CAl injury. Thus, it is essential to main tain cerebral normothermia in pharmacologic stud ies of ischemic protection to avoid the confounding effects of hypothermia.
